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    Abstract: 15 
The mineral kidwellite, a hydrated hydroxy phosphate of ferric iron and sodium of 16 
approximate formula NaFe93+(PO4)6(OH)11∙3H2O, has been studied using a combination of 17 
electron microscopy with EDX and vibrational spectroscopic techniques.  18 
Raman spectroscopy identifies an intense band at 978 cm-1 and 1014 cm-1. These bands are 19 
attributed to the PO43- ν1 symmetric stretching mode.   The ν3 antisymmetric stretching 20 
modes are observed by a large number of Raman bands. The series of Raman bands at 1034, 21 
1050, 1063, 1082, 1129, 1144 and 1188 cm-1 are attributed to the ν3 antisymmetric stretching 22 
bands of the PO43- and HOPO32- units. The observation of these multiple Raman bands in the 23 
symmetric and antisymmetric stretching region gives credence to the concept that both 24 
phosphate and hydrogen phosphate units exist in the structure of kidwellite.  The series of 25 
Raman bands at 557, 570, 588, 602, 631, 644 and 653 cm-1are assigned to the PO43- ν2 26 
bending modes.  The series of Raman bands at 405, 444, 453, 467, 490 and 500 cm-1 are 27 
attributed to the PO43- and HOPO32- ν4 bending modes. 28 
The spectrum is quite broad but Raman bands may be resolved at 3122, 3231, 3356, 3466 and 29 
3580 cm-1. These bands are assigned to water stretching vibrational modes. The number and 30 
position of these bands suggests that water is in different molecular environments with 31 
differing hydrogen bond distances. Infrared bands at 3511 and 3359 cm-1 are ascribed to the 32 
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OH stretching vibration of the OH units. Very broad bands at 3022 and 3299 cm-1 are 33 
attributed to the OH stretching vibrations of water. Vibrational spectroscopy offers insights 34 
into the molecular structure of the phosphate mineral kidwellite. 35 
 36 
Keywords: kidwellite, beraunite, rockbridgeite, phosphate, Raman spectroscopy 37 
38 
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Introduction 39 
 40 
Kidwellite is a hydrated hydroxy phosphate of ferric iron and sodium of approximate formula 41 
NaFe93+(PO4)6(OH)11∙3H2O [1].  The mineral was named by Paul B. Moore and Jum Ito in 42 
1978 in honor of Albert Lewis Kidwell [2].  Kidwellite is a rare, typically yellow-green 43 
phosphate mineral found in phosphate mineral deposits [3-8] around the world including 44 
Australia [9]. The mineral is found in Australia, from Broken Hill, New South Wales; in the 45 
Iron Monarch quarry, Iron Knob, South Australia; and at the Lake Boga granite quarry, near 46 
Swan Hill, Victoria. The mineral occurs as a replacement for rockbridgeite 47 
Fe2+Fe3+4(PO4)3(OH)5 and beraunite  Fe2+Fe3+5(PO4)4(OH)5∙4H2O. 48 
 49 
Kidwellite crystal structure was first refined as monoclinic symmetry, space group A2/m, 50 
Am, or A2, unit cell paramethers Z = 2, a = 20.61(7) Å, b = 5.15(1) Å, c = 13.75(6) Å, β = 51 
112.64(15)° [4], and latter redefined as space group P2/c with unit cell parameters a = 52 
20.117(4) Å, b = 5.185(1) Å, c = 13.978(3) Å, β = 107.07(3)º, V = 1393.8(5) Å3 and Z = 2 53 
[1]. 54 
 55 
Raman spectroscopy has proven very useful for the study of minerals [10-23].  Indeed, 56 
Raman spectroscopy has proven most useful for the study of diagenetically related minerals 57 
where isomorphic substitution may occur as with rockbridgeite and beraunite, as often occurs 58 
with minerals containing phosphate groups.  This paper is a part of systematic studies of 59 
vibrational spectra of minerals of secondary origin in the pegmatite rocks. The objective of 60 
this research is to report the Raman and infrared spectra of kidwellite  and to relate the 61 
spectra to the molecular structure of the mineral. 62 
 63 
Experimental 64 
Samples description and preparation 65 
 The kidwellite sample studied in this work was collected from the Savannah River, Girard 66 
Barke Co., Georgia, USA. The mineral occurs as milimetric aggregates in cavities in 67 
microcrystalline quartz. Prismatic quartz crystals occurs in association. The sample was 68 
incorporated to the collection of the Geology Department of the Federal University of Ouro 69 
Preto, Minas Gerais, Brazil, with sample code SAC-092. The sample was gently crushed and 70 
the associated minerals were removed under a stereomicroscope Leica MZ4. Qualitative and 71 
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semiquantitative chemical analysis via SEM/EDS were applied to the mineral 72 
characterization.  . 73 
 74 
Scanning electron microscopy (SEM) 75 
Experiments and analyses involving electron microscopy were performed in the Center of 76 
Microscopy of the Universidade Federal de Minas Gerais, Belo Horizonte, Minas Gerais, 77 
Brazil (http://www.microscopia.ufmg.br). 78 
 79 
Kidwellite crystals were coated with a 5nm layer of evaporated carbon. Secondary Electron 80 
and Backscattering Electron images were obtained using a JEOL JSM-6360LV equipment. 81 
Qualitative and semi-quantitative chemical analyses in the EDS mode were performed with a 82 
ThermoNORAN spectrometer model Quest and was applied to support the mineral 83 
characterization. 84 
 85 
Raman microprobe spectroscopy 86 
Crystals of kidwellite were placed on a polished metal surface on the stage of an Olympus 87 
BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The microscope is 88 
part of a Renishaw 1000 Raman microscope system, which also includes a monochromator, a 89 
filter system and a CCD detector (1024 pixels). The Raman spectra were excited by a 90 
Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 nm and 91 
collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range between 92 
200 and 4000 cm-1. Repeated acquisitions on the crystals using the highest magnification 93 
(50x) were accumulated to improve the signal to noise ratio of the spectra. Raman Spectra 94 
were calibrated using the 520.5 cm-1 line of a silicon wafer.  The Raman spectrum of at least 95 
10 crystals was collected to ensure the consistency of the spectra.  96 
 97 
An image of the kidwellite crystals measured is shown in the supplementary information as 98 
Figure S1.  Clearly the crystals of kidwellite are readily observed, making the Raman 99 
spectroscopic measurements readily obtainable. 100 
 101 
Infrared spectroscopy 102 
Infrared spectra of kidwellite were obtained using a Nicolet Nexus 870 FTIR spectrometer 103 
with a smart endurance single bounce diamond ATR cell. Spectra over the 4000−525 cm-1 104 
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range were obtained by the co-addition of 128 scans with a resolution of 4 cm-1 and a mirror 105 
velocity of 0.6329 cm/s. Spectra were co-added to improve the signal to noise ratio.   106 
 107 
Spectral manipulation such as baseline correction/adjustment and smoothing were performed 108 
using the Spectracalc software package GRAMS (Galactic Industries Corporation, NH, 109 
USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software package 110 
that enabled the type of fitting function to be selected and allows specific parameters to be 111 
fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-product 112 
function with the minimum number of component bands used for the fitting process. The 113 
Lorentzian-Gaussian ratio was maintained at values greater than 0.7 and fitting was 114 
undertaken until reproducible results were obtained with squared correlations of r2 greater 115 
than 0.995. 116 
 117 
Results and discussion 118 
Chemical characterization 119 
The SEM image of kidwellite sample studied in this work is shown in Figure 1. The image 120 
shows a fragment of a spherical aggregate. Qualitative chemical analysis shows a 121 
homogeneous composition, with predominance of P, Al, Ca, Fe and Cu. Minor amounts of S 122 
were also observed. The chemical analysis is shown in Figure 2.  The formula of the studied 123 
mineral is Na(Al,Fe)93+(PO4)6(OH)11∙3H2O. 124 
 125 
Vibrational spectroscopy Background 126 
In aqueous systems, the Raman spectra of phosphate oxyanions show a symmetric stretching 127 
mode (ν1) at 938 cm-1, an antisymmetric stretching mode (ν3) at 1017 cm-1, a symmetric 128 
bending mode (ν2) at 420 cm-1 and a ν4 bending mode at 567 cm-1 [24-26]. S.D. Ross in 129 
Farmer listed some well-known minerals containing phosphate which were either hydrated or 130 
hydroxylated or both [27]. The vibrational spectrum of the dihydrogen phosphate anion has 131 
been reported by Farmer [27]. The PO2 symmetric stretching mode occurs at 1072 cm-1 and 132 
the POH symmetric stretching mode at ~878 cm-1. The POH antisymmetric stretching mode 133 
was found at 947 cm-1 and the P(OH)2 bending mode at 380 cm-1.  The band at 1150 cm-1 was 134 
assigned to the PO2 antisymmetric stretching mode.  The position of these bands will shift 135 
according to the crystal structure of the mineral.  136 
 137 
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The vibrational spectra of phosphate minerals have been published by Farmer’s treatise 138 
Chapter 17 [27]. The Table 17.III in ref. [27] reports the band positions of a wide range of 139 
phosphates and arsenates. The band positions for the monohydrogen phosphate anion of 140 
disodium hydrogen phosphate dihydrate is given as ν1 at 820 and 866 cm-1, ν2 at around 460 141 
cm-1, ν3 as 953, 993, 1055, 1070, 1120 and 1135 cm-1, ν4 at 520, 539, 558, 575 cm-1. The 142 
POH unit has vibrations associated with the OH specie.  The stretching vibration of the POH 143 
units was tabulated as 2430 and 2870 cm-1, and bending modes at 766 and 1256 cm-1.  Water 144 
stretching vibrations were found at 3050 and 3350 cm-1. The position of the bands for the 145 
disodium hydrogen phosphate is very dependent on the waters of hydration. There have been 146 
several Raman spectroscopic studies of the monosodium dihydrogen phosphate chemicals 147 
[28-32]. 148 
 149 
Vibrational Spectroscopy 150 
The Raman spectrum of kidwellite in the 100 to 4000 cm-1 spectral range is illustrated in 151 
Figure 3a. This spectrum shows the position of the Raman bands and their relative intensities. 152 
It is obvious that there are large parts of the spectrum where no Raman intensity is observed. 153 
Therefore, the Raman spectrum is subdivided into sections according to the type of vibration 154 
being investigated. In this way the precise position of the bands can be detailed. The infrared 155 
spectrum of kidwellite in the 500 to 4000 cm-1 spectral range is shown in Figure 3b.  The 156 
reflectance spectrum starts at 500 cm-1 because the ATR cell absorbs all infrared radiation 157 
below this wavenumber.  As for the Raman spectrum, the infrared spectrum is subdivided 158 
into sections depending upon the type of vibration being examined. The complete infrared 159 
spectrum displays the position of the infrared bands and their relative intensity.  The results 160 
of the Raman and infrared spectra of kidwellite are provided in Table 1.  161 
 162 
The Raman spectrum of kidwellite over the 1200 to 850 cm-1 spectral range is reported in 163 
Figure 4a.  This spectrum is characterised by a broad band at 1014 cm-1 attributed to the 164 
PO43- symmetric stretching mode.  The Raman band at 978 cm-1 is assigned to the HOPO32- 165 
stretching vibration.  The formula of kidwellite is accepted as NaFe93+(PO4)6(OH)11∙3H2O; 166 
however, the presence of the 978 cm-1 band provides evidence for the formation of a 167 
hydrogen phosphate anion.  The series of Raman bands at 1034, 1050, 1063, 1082, 1129, 168 
1144 and 1188 cm-1 are attributed to the ν3 antisymmetric stretching bands of the PO43- and 169 
HOPO32- units. The Raman bands at 875, 919 and 939 cm-1 are likely due to the hydroxyl  170 
deformation modes.  .  Galy [30] first studied the polarized Raman spectra of the H2PO4- 171 
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anion.  Choi et al. reported the polarization spectra of NaH2PO4 crystals.  Casciani and 172 
Condrate  [33] published spectra on brushite and monetite together with synthetic anhydrous 173 
monocalcium phosphate (Ca(H2PO4)2), monocalcium dihydrogen phosphate hydrate 174 
(Ca(H2PO4)2·H2O) and octacalcium phosphate (Ca8H2(PO4)6·5H2O).  These authors 175 
determined band assignments for Ca(H2PO4) and reported bands at 1002 and 1011 cm-1 as 176 
POH and PO stretching vibrations, respectively. The two Raman bands at 1139 and 1165  177 
cm-1 are attributed to both the HOP and PO antisymmetric stretching vibrations.  Casciani 178 
and Condrate  [33] tabulated Raman bands at 1132 and 1155 cm-1 and assigned these bands to 179 
P-O symmetric and the P-O antisymmetric stretching vibrations. The first assignment, 180 
however, differs from what is stated in this work.  181 
 182 
The infrared spectrum of kidwellite over the 650 to 1300 cm-1 spectral range is reported in 183 
Figure 4b.  The spectral profile is broad and a number of component bands may be resolved. 184 
The infrared band at 975 cm-1 is assigned to the PO43- symmetric stretching mode and the 185 
band at 922 cm-1 is attributed to the HOPO32- symmetric stretching vibration.  The series of 186 
overlapping bands at 1017, 1035, 1055, 1076, 1110, 1164 and 1175 cm-1 are all assigned to 187 
ν3 antisymmetric stretching bands of the PO43- and HOPO32- units.  Infrared bands for the 188 
mineral dittmarite (NH4)MgPO4·H2O are found at 978, 1063 and 1105 cm-1 (this work).  The 189 
infrared bands at 830 and 982 cm-1 for archerite and at 843, 883 and 909 cm-1 are thought to 190 
be associated with the POH deformation modes. Choi et al. [29] published spectra of 191 
NaH2PO4; however these authors did not tabulate or mark the position of the peaks. 192 
Therefore, it is very difficult to make any comparison of the peak positions of kidwellite and 193 
that of published data by Choi et al.  Casciani and Condrate [33] reported bands assigned to 194 
these vibrational modes for Ca(H2PO4)2 at 876 and 901 cm-1.   195 
 196 
The Raman spectra of kidwellite over the 350 to 700 and 100 to 350 cm-1 spectral regions are 197 
shown in Figure 5.  A suite of Raman bands is found over the 550 to 650 cm-1 spectral range. 198 
Raman bands are found at 557, 570, 588, 602, 631, 644 and 653 cm-1.  These bands are 199 
attributed to the ν4 out of plane bending modes of the PO4 and H2PO4 units.  The Raman 200 
spectrum of NaH2PO4 shows Raman bands at 526, 546 and 618 cm-1. Raman bands are found 201 
at 405, 444, 453, 467, 490 and 500 cm-1.  These bands are attributed to the ν2 PO4 and H2PO4 202 
bending modes.  The Raman spectrum of NaH2PO4 shows Raman bands at 460 and 482 cm-203 
1. In the infrared spectrum of dittmarite ((NH4)MgPO4·H2O) bands are observed at 635 and 204 
656 cm-1 and are assigned to the PO43- ν4 bending mode.  It is noted that there are intense 205 
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Raman bands at 285, 322 and 333 cm-1. The likely assignment of these bands is to FeO 206 
stretching vibrations. Thye Raman bands in the 100 to 223 cm-1 are simply described as 207 
lattice modes. 208 
 209 
The Raman spectrum of kidwellite over the 2600 to 3800 cm-1 spectral range is illustrated in 210 
Figure 6a. The formula of kidwellite NaFe93+(PO4)6(OH)11∙3H2O is such that both water and 211 
OH units will have stretching vibrations in this spectral region.  The spectrum is quite broad 212 
but Raman bands may be resolved at 3122, 3231, 3356, 3466 and 3580 cm-1. These bands are 213 
assigned to water stretching vibrational modes. The number and position of these bands 214 
suggests that water is in different molecular environments with differing hydrogen bond 215 
distances. The infrared spectrum (Figure 6b) shows a somewhat similar broad spectral 216 
profile. A sharp band at 3576 cm-1 is observed and is assigned to the stretching vibration of 217 
the OH units. Raman bands may be resolved at 3164, 3226, 3362 and 3459 cm-1 and are 218 
assigned to water stretching vibrations.  219 
 220 
The Raman spectrum of kidwellite over the 1400 to 1900 cm-1 spectral range is reported in 221 
Figure 7a. The spectrum suffers from a lack of signal; however, component bands may be 222 
resolved at 1630 and 1671 cm-1. These bands are assigned to water bending modes. The 223 
observation of two bands is in harmony with the number of bands in the water stretching 224 
region. The infrared spectrum of kidwellite over the 1300 to 1800 cm-1 spectral range is 225 
reported in Figure 7b.  Two infrared bands are noted at 1619 and 1670 cm-1. These bands are 226 
due to the water bending modes. The two infrared bands are in harmony with the two Raman 227 
bands. Two infrared bands are observed at 1421 and 1443 cm-1.   228 
 229 
Conclusions 230 
A kidwellite sample was studied by Electron Microscope in the EDS mode, Raman and 231 
infrared spectroscopy. Qualitative chemical analysis shows a homogeneous composition, 232 
with predominance of P, Al, Ca, Fe and Cu. Minor amounts of S were also observed. The 233 
formula of the studied mineral is Na(Al,Fe)93+(PO4)6(OH)11∙3H2O. The sample can be 234 
considered a pure phase. 235 
 236 
Raman spectroscopy identifies an intense band at 978 cm-1 and 1014 cm-1. These bands are 237 
attributed to the PO43- ν1 symmetric stretching mode.   The ν3 antisymmetric stretching 238 
modes are observed by a large number of Raman bands. The Raman bands at 1034, 1050, 239 
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1063, 1082, 1129, 1144 and 1188 cm-1  are assigned to the ν3 antisymmetric stretching 240 
vibrations of PO43- and the HOPO32- units. The series of overlapping bands at 1017, 1035, 241 
1055, 1076, 1110, 1164 and 1175 cm-1 are all assigned to ν3 antisymmetric stretching bands 242 
of the PO43- and HOPO32- units. The observation of these multiple Raman bands in the 243 
symmetric and antisymmetric stretching region gives credence to the concept that both 244 
phosphate and hydrogen phosphate units exist in the structure of kidwellite.  The infrared 245 
spectrum shows complexity with many overlapping bands. The series of Raman bands at 557, 246 
570, 588, 602, 631, 644 and 653  cm-1 are assigned to the PO43- ν2 bending modes.  The 247 
series of Raman bands at 405, 444, 453, 467, 490 and 500 cm-1 are attributed to the PO43- and 248 
HOPO32- ν4 bending modes. 249 
 250 
No Raman bands which could be attributed to the hydroxyl stretching unit were found. 251 
Raman bands resolved at 3122, 3231, 3356, 3466 and 3580 cm-1 are assigned to water 252 
stretching vibrations. The band at 3580 cm-1 may be due to the OH stretching vibration.  253 
 254 
Infrared bands at 3576 cm-1 are ascribed to the OH stretching vibration of the OH units. Very 255 
broad bands at 3164, 3226, 3362 and 3459 cm-1 are attributed to the OH stretching vibrations 256 
of water. Vibrational spectroscopy offers insights into the molecular structure of the 257 
phosphate mineral kidwellite. 258 
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Figure 1 - Backscattered electron image (BSI) of a kidwellite crystal aggregate up to 0.5 372 
mm in length.  373 
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Figure 2 - EDS analysis of kidwellite. 375 
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Figure 3 (a) Raman spectrum of kidwellite over the 100 to 4000 cm-1 spectral range (b) 377 
Infrared spectrum of kidwellite over the 500 to 4000 cm-1 spectral range 378 
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Figure 4(a) Raman spectrum of kidwellite over the 850 to 1200 cm-1 spectral range (b) 380 
Infrared spectrum of kidwellite over the 650 to 1300 cm-1 spectral range 381 
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Figure 5 (a) Raman spectrum of kidwellite over the 350 to 700 cm-1 spectral range (b) 383 
Raman spectrum of kidwellite over the 100 to 350 cm-1 spectral range  384 
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Figure 6 (a) Raman spectrum of kidwellite over the 2600 to 3800 cm-1 spectral range (b) 386 
Infrared spectrum of kidwellite over the 2500 to 3800 cm-1 spectral range 387 
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Figure 7 (a) Raman spectrum of kidwellite over the 1400 to 1900 cm-1 spectral range (b) 389 
Infrared spectrum of kidwellite over the 1300 to 1800 cm-1 spectral range 390 
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Figure 1 - Backscattered electron image (BSI) of a kidwellite crystal aggregate up to 0.5 395 
mm in length.  396 
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Figure 2 - EDS analysis of kidwellite. 404 
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Figure 3 (a) Raman spectrum of kidwellite over the 100 to 4000 cm-1 
spectral range (upper spectrum) (b) Infrared spectrum of kidwellite over 
the 500 to 4000 cm-1 spectral range (lower spectrum) 
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Figure 4a Raman spectrum of kidwellite (upper spectrum) in the 850 to 1200  cm-1 
spectral range and Figure 4b infrared spectrum of kidwellite (lower spectrum) in the 
650 to 1300  cm-1 spectral range 
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Figure 5a Raman spectrum of kidwellite (upper spectrum) in the 300 to 800  
cm-1 spectral range and Figure 4b Raman spectrum of kidwellite (lower 
spectrum) in the 100 to 300  cm-1 spectral range 
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Figure 6a Infrared spectrum of kidwellite (upper spectrum) in the 2500 to 3700  cm-1 
spectral range and Figure 6b infrared spectrum of kidwellite (lower spectrum) in the 
1300 to 1800  cm-1 spectral range 
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Figure 7a Raman spectrum of kidwellite (upper spectrum) in the 1400 to 2000  cm-1 
spectral range and Figure 7b infrared spectrum of kidwellite (lower spectrum) in the 
1300 to 1800  cm-1 spectral range 
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